Introduction
============

In the past decade, gold nanoparticles (GNPs) have been widely used in various biomedical applications, including analytical chemical and biological sensing; genomics and immunoassays; optical bioimaging and monitoring of cells and tissues; detection and photodynamic therapy of pathogenic microorganisms; detection and photothermolysis of cancer cells and tumors; wound repair; and targeted delivery of drugs, peptides, DNA, and antigens [@B1],[@B2],[@B3]. The unique optical properties of GNPs are related to localized plasmonic excitations in metal nanostructures [@B4], [@B5] interacting with light. These excitations result in resonance-enhanced local fields and, accordingly, in enhanced optical phenomena such as absorption, Mie scattering, Raman scattering, and various nonlinear effects [@B6].

Multifunctional nanocomposites that combine therapeutic, diagnostic, and sensing modalities in a single nanostructure are widely used in a new field of nanobiotechnology called theranostics [@B7],[@B8],[@B9],[@B10],[@B11],[@B12],[@B13]. Although the term "theranostics" has been employed for the first time quite recently [@B7], [@B14], it is now rapidly growing and promising field at the crossroads of plasmonics and nanomedicine [@B15], [@B16]. The first demonstration of the use of GNPs with various sizes and shapes for theranostic nanomedicine appeared in the papers by Loo et al. [@B17] (for gold nanoshells), Lapotko et al. [@B18] (for gold nanospheres), and Hleb et al. [@B19] (for gold nanorods). In 2010, Lukianova-Hleb et al. [@B11] presented a complete concept of theranostics. At present, multifunctional GNP-based nanocomposites [@B20] offer new theranostic modalities by combining the unique optical properties of plasmonic GNPs with the properties of mesoporous silica functionalized with an appropriate photosensitizer (PS) and molecular probes [@B21]. Another example is magnetic iron-oxide-based nanoparticles and nanocomposites combining magnetic resonance imaging with cancer-targeting moieties [@B22]. When using GNPs and nanocomposites *in vivo*, researchers inevitably come up against issues of particle biodistribution, pharmacokinetics, and possible particle toxicity [@B23], [@B24].

In this minireview, we give a short summary of our recent efforts in applications of GNPs and nanocomposites to analytical biosensing, visualization and bioimaging of cells, antimicrobial photodynamic treatment, *in vivo* biodistribution, and photothermal therapy of xenografted tumors. Besides our recently published reports, we discuss new data on dot immunoassay diagnostics of mycobacteria*,* multiplexed immunoelectron microscopy analysis of *Azospirillum brasilense*, materno-embryonic transfer of GNPs in pregnant rats, and combined photodynamic and photothermal treatment of rat xenografted tumors with gold nanorods covered by a mesoporous silica shell doped with hematoporphyrin.

2. Engineering and spectral tuning of GNPs for biomedical applications {#Section2}
======================================================================

Despite the centuries-old history of colloidal gold [@B1], a breakthrough step in biomedical applications of GNPs was made by Faulk and Taylor in 1971 [@B25]. They conjugated antibodies with colloidal gold for direct electron microscopic visualization of *Salmonella* surface antigens, preparing the first immunochemical marker based on colloidal gold conjugates. Although the use of colloidal-gold biospecific conjugates in biomedicine still remains very active, these GNPs are not free from several fundamental drawbacks. First, the absorption and scattering cross sections of stable 15-30-nm gold nanospheres are low, whereas larger particles have greatly decreased colloidal stability. Second, because of the strong light absorption of biological tissues and fluids, the localized plasmon resonances (LPRs) of GNPs should be properly tuned to NIR transparency window 650-900 nm [@B26]. Thanks to the rapid progress in convenient technologies of GNP fabrication [@B27], biomedical researchers can now examine and use various types of GNPs and NCs to meet specific requirements of their experiments. Figure [1](#F1){ref-type="fig"} shows a gallery of GNPs and NCs fabricated in our laboratory at IBPPM RAS for analytical, diagnostic, and therapeutic studies. Of course, this picture illustrates only a fraction of the currently available GNPs [@B1], [@B2], [@B27], and it should be considered as an attempt to show a cross section of our work in this area, rather than as a comprehensive list.

Although the spectral tuning of GNP plasmonic properties can be made by several means [@B36], only few possibilities have proven to be robust and convenient in practice. Namely, the LPR of gold nanorods [@B2], [@B37] and SiO~2~/Au nanoshells [@B38] can be tuned to the NIR range by synthetically varying their aspect ratio [@B39] or core/shell radii [@B40], respectively (Fig. [2](#F2){ref-type="fig"}). For spectral tuning within the vis-NIR region, one can use gold nanorods with thin silver coatings [@B41] or Au-Ag nanocages with a variable Au : Ag composition achieved by a galvanic replacement reaction [@B33], [@B42] (Fig. [2](#F2){ref-type="fig"}).

3. GNPs in analytical biosensing and diagnostics {#Section3}
================================================

3.1 Homophase immunoassays {#Section3.1}
--------------------------

For biomedical applications, the GNP surface should be modified with a stabilizing ligand (e.g., PEG-SH) or with a molecular probe (e.g., antibodies, oligonucleotides, peptides, carbohydrates, folic acid, etc.). Such nanostructures are called bioconjugates, whereas the attachment of biomacromolecules to the NP surface is often called functionalization [@B1], [@B43].

In 1980, Leuvering et al. [@B44] introduced a new homophase immunoassay they called the sol particle immunoassay (SPIA). In this method, the biospecific interaction between target molecules in solution and probe molecules of GNP conjugates results in GNP aggregation. When GNPs approach each other, the red color of the gold colloid changes to purple or gray, while their absorption spectra become broadened and red-shifted [@B4], [@B45]. These changes in absorption spectra can easily be detected visually or with a routine spectrophotometer. An optimized variation of SPIA was used subsequently to detect human chorionic gonadotropin [@B46], Alzheimer\'s disease markers [@B47], hepatitis B virus in blood [@B48], and other substances [@B1]. A new SPIA version using microplates and an ELISA reader, with colloidal-gold-conjugated trypsin as a specific agent for proteins, was devised by Dykman et al. [@B49]. Further information about homophase immunoassays can be found in Refs. [@B1], [@B43].

3.2 Label-free DNA detection {#Section3.2}
----------------------------

The conventional strategy for nucleic acid detection is based on the polymerase chain reaction (PCR) [@B50], which allows quantitative DNA determination with high specificity, sensitivity, efficiency, and low contamination risk [@B51]. Despite its almost routine applications, in certain circumstances (e.g., in warfare or under the field conditions), it is desirable to have a rapid and simple qualitative test for primary DNA detection. In 1996, Mirkin et al. introduced a new GNP-based platform for colorimetric DNA detection [@B52]. The different ability of single- and double-stranded oligonucleotides to stabilize GNPs in solution has been used to design several label-free hybridization assays based on optical changes associated with GNP aggregation [@B53]. In particular, for systems containing DNA and GNPs, the dynamic light scattering detection of DNA has been proven to be more sensitive than the usual spectrophotometry [@B54].

Recently, we introduced a new genosensing approach employing CTAB (cetyltrimethylammonium bromide)-coated positively charged colloidal GNPs to detect target DNA sequences by using absorption spectroscopy and dynamic light scattering [@B29]. Figure [3](#F3){ref-type="fig"}a illustrates the basic principles underlying this DNA assay. The phosphate groups of zwitterion ssDNA molecules can interact with quaternary amines of CTAB without loss of GNP stability. The addition of a complementary (+cDNA) target results in the formation of DNA duplexes (dsDNA), which are polyanions and can act as "glue" [@B55] to aggregate cationic particles. A more detailed consideration can be found in Pylaev et al. [@B29]. Particle aggregation can be monitored by absorption and differential light scattering spectroscopy or by DLS measurements of the particle-size distribution.

For proof-of-the-concept experiments, a 21-mer ssDNA from the human immunodeficiency virus type 1 HIV-1 U5 long terminal repeat sequence (P1) and a 23-mer ssDNA from the *Bacillus anthracis* cryptic protein and protective antigen precursor (P2) genes were used as ssDNA models. With cationic CTAB-coated GNPs, this method is easy to implement and possesses excellent feasibility with retention of comparable sensitivity ― a 0.1 nM concentration of target cDNA (T1 and T2) can be detected with the naked eye and 10 pM by DLS measurements (Fig. [3](#F3){ref-type="fig"}b). The specificity of our method is illustrated by successful DLS detection of 1-3 base mismatches in cDNA sequences for both DNA models: SBM1 5\'-ACTGCTAGA[T]{.ul}ATTTTCCACAT-3\' and TBM1 5\'-ACT[T]{.ul}CTAGA[T]{.ul}ATTTT[T]{.ul}CACAT-3\' sequences for P1 ssDNA, and SBM2 5\'-TTGGT[T]{.ul}GGAGTGTATCTGCAGGA-3\' and TBM2 5\'-TTGGT[T]{.ul}GGAGT[T]{.ul}TATCTGCA[T]{.ul}GA-3\' for P2 ssDNA. These results suggest that the cationic GNPs and DLS can be used for genosensing under optimal DNA hybridization conditions without any chemical modifications of the particle surface with ssDNA molecules and signal amplification.

3.3 Immunodot assay using gold nanospheres and SiO~2~/Au nanoshells {#Section3.3}
-------------------------------------------------------------------

Solid-phase immunoassays are based on the adsorption of antigens onto a solid substrate followed by binding of biospecific labels to the adsorbed target molecules. In its membrane version, the solid-phase immunoassay can be called dot immunoassay, as usually a drop of analyte is spotted in the center of a drawn 5-mm square and the reaction outcome looks like a colored dot. The simplicity of analyses and the saving of antigens and reagents allow one to implement solid-phase immunoassays in the laboratory, in the field, or even under domestic circumstances to detect proteins (Western blotting), DNA (Southern blotting), or RNA (Northern blotting) (see the relevant references in [@B56]).

In spite of its attractive simplicity and efficiency, the colloidal gold dot-immunoassay is not free of drawbacks such as moderate sensitivity and long time of detection. In our work [@B56], we reported on the first application of SiO~2~/Au nanoshells to a solid-phase dot immunoassay. Fifteen-nm colloidal GNPs and three types of SiO~2~/Au nanoshells (100-, 140-, and 180-nm silica core and 15-nm gold shell thickness) were studied in our experiments. Normal rabbit serum (the target IgG molecules) and sheep antirabbit antibodies (the probing molecules) were used as a biospecific model. The minimal detection limit for IgG target molecules was about 15 ng in the case of a standard dot-assay protocol based on 15-nm colloidal gold particles conjugated with probing molecules. In contrast to this observation, simple replacement of 15-nm gold labels by SiO~2~/Au nanoshell conjugates resulted in a drastic increase in detection sensitivity of up to 0.25 ng in the case of 180/15-nm nanoshells and of up to 0.5‑1 ng for 100/15 and 140/15 nanoshells (Fig. [4](#F4){ref-type="fig"}). These results have been explained by using a theoretical model developed in Ref. [@B57].

3.4 Multiplexed immunodot and immunoelectron microsopy assays using Au-Ag nanocages {#Section3.4}
-----------------------------------------------------------------------------------

By using multicolored composite GNPs (Ag nanocubes, Au-Ag alloy nanoparticles, and Au-Ag nanocages), we recently developed a multiplexed variant of the immunodot assay [@B58]. As in the usual immunodot assay, the multiplexed variant is based on the staining of analyte drops on a nitrocellulose membrane strip by using multicolored nanoparticles conjugated with biospecific probing molecules. Composite Au-Ag nanoparticles were prepared by a galvanic replacement reaction between Ag atoms of silver nanocubes and Au ions of tetrachloroauric acid [@B42]. Depending on the Ag : Au conversion ratio, the particle plasmon resonance was tuned from 450 to 700 nm and the suspension color changed from yellow to blue (Fig. [5](#F5){ref-type="fig"}).

The particles of yellow, red, and blue suspensions were functionalized with chicken, rat, and mouse IgG molecular probes, respectively. The multiplex capability of the assay is illustrated by a proof-of-concept experiment on simultaneous one-step determination of target molecules (rabbit antichicken, antirat, and antimouse antibodies) with a mixture of fabricated conjugates. Under naked eye examination, no cross-colored spots or nonspecific bioconjugate adsorption was observed, and the low detection limit was about 20 fmol [@B58].

Thanks to their porous structure, the Au-Ag nanocages can easily be discriminated from particles of similar size (and, moreover, from smaller or larger particles) in an analysis of TEM images with nanocage-based biomarkers. This property suggests utilization of Au-Ag nanocages in combination with common colloidal gold nanospheres for a multiplexed immunoelectron microscopy visualization of at least two different antigen moieties. Figure [6](#F6){ref-type="fig"} serves as an example of such multiplexed immunoelectron microscopy labeling. Shown here is the *Azospirillum brasilense* Sp245 bacterium, which lives on its own in soil or in close associations with plants in the rhizosphere, promoting the growth and increasing the yields of many plant species [@B59]. To discriminate between H antigens (the polar flagellum antigens, PFL) and O antigens of the lipopolysaccharide (LPS) capsule, we used two types of GNP conjugates. Namely, 15-nm colloidal GNPs were functionalized with antibodies against H antigens, and 50-nm Au-Ag nanocages were functionalized with antibodies against O antigens. In the case of native bacteria, their LPS capsule covers both the bacterial surface and the polar flagellum (Fig. [6](#F6){ref-type="fig"}a).

Therefore, the PFL antigens are obscured by LPS and cannot be visualized with GNP conjugates. However, after a thorough but gentle washing and after labeling of bacteria with a mixture of functionalized 50-nm Au-Ag nanocages and 15-nm colloidal GNPs, one can easily visualize the spatial localization of two antigen types. To the best of our knowledge, this is the first time that LPS and PFL antigens have been simultaneously visualized by using an immunoelectron microscopy assay based on two different types of GNPs.

3.5 Use of gold nanoparticles for immunoassay of mycobacteria {#Section3.5}
-------------------------------------------------------------

Tuberculin is a mixture of filtrates derived from heat-killed cells of the mycobacterium *M. tuberculosis*, *M. bovis*, or *M. avium*. This allergen is used in the diagnostics of tuberculosis in the Mantoux skin test [@B60]. Here, we describe, for the first time, the use of antituberculin antibodies for immunoassay of mycobacteria. Figure [7](#F7){ref-type="fig"} illustrates applications of the immunodot assay ("cell-gold immunoblotting") to mycobacteria, with the reaction products being visualized by using immunogold markers.

In this experiment, the antigen fraction was isolated from tuberculin PPD (BIOC Co., Russia) by salting out in an ammonium sulfate solution followed by HPLC purification. We introduced a novel strategy for the preparation of antibodies to tuberculin with the use of adjuvant properties of GNPs (for relevant references, see Dykman and Khlebtsov [@B1]). Conjugation of 15-nm GNPs with tuberculin, immunization of rabbits with the conjugates, and isolation and purification of rabbit antituberculin antibodies were done as detailed previously in Staroverov et al. [@B61]. The bacterial cultures (*M. bovis*BCG*, E. coli*XL1 blue, *S. aureus* 209-R,*B. abortus* vaccine strain 82, *M. phlei*, and *M. smegmatis*) were fixed with acetone and were dispersed in PBS at a concentration of 1×10^9^cells/mL. Dot immunoassay of the strains was performed by sampling of stock dispersions on a Westran S membrane (Whatman, USA), blocking with a 2% dry milk dissolved in PBS, primary labeling with rabbit antituberculin antibodies and secondary labeling with conjugates of antirabbit antibodies with 15-nm GNPs or 160/20 nm (SiO~2~ core/Au shell) nanoshells (optical density of about 0.5 at LPR wavelengths). The labeled cells were analyzed with an optical DMI 3000 B (Leica, Germany) microscope and a Libra-120 TEM microscope (Carl Zeiss, Germany). Other experimental details can be found in Staroverov et al. [@B61].

It follows from Fig. [8](#F8){ref-type="fig"} that the dot immunoassay confirms the specificity of antibodies (A-D) with respect to both soluble and corpuscular antigens, illustrates the distribution of the tuberculin antigen on the *M. bovis* surface (E) by using TEM images of labeled cells, and allows detection of *M. bovis*bacteria by using GNP conjugates and transmission light microscopy (F).

In future work, we plan to use the GNP+tuberculin conjugates not only for obtainment of diagnostic antibodies, but also for development of tuberculin-based anti-tuberculosis vaccines. This can be considered as a new variant of theranostics, which can be called "prophynostics" (prophylaxes + diagnostics).

4. Imaging of GNPs on and within cells by using combined optical-microscopy techniques {#Section4}
======================================================================================

GNPs are nonfluorescent probes that have been used actively in various bioimaging applications [@B62], [@B63] owing to their photostability, small toxicity, high light scattering efficiency, and ability to serve as carriers for different molecular cargos. Accordingly, GNPs are quite suitable for the visualization of living cells and dynamic processes occurring in them. In general, all optical imaging techniques fall into two broad categories: the linear response methods and the nonlinear response ones. The first category includes such methods as bright-field microscopy (TL, transmitted light illumination), dark-field microscopy (DF, plasmonic resonance scattering at oblique illumination [@B64], [@B65]), the differential interference contrast (DIC, an interference pattern owing to the optical path gradients of the specimen; see the relevant references in review [@B66]), confocal laser resonance scattering [@B67] and two-photon luminescence [@B68] microscopies, and laser-induced scattering around a nanoabsorber (LISNA) [@B69]. The nonlinear techniques include the two-photon [@B70], [@B71] or multiphoton luminescence [@B72] of GNPs, the plasmonic enhanced multiphoton processes, the third harmonic generation [@B73], and coherent anti-Stokes Raman scattering (CARS) [@B66]. The most informative data come from combinations of different techniques (e.g., DIC + DF) and combination of plasmonic and fluorescent labels [@B74], [@B75], [@B76].

Below, we provide several illustrative examples with SPEV-2 and *Egeria najas* cells labeled with 50-nm colloidal gold nanospheres (NSPs), gold nanostars (NSTs, the outer size of about 80 nm, the core size of about 50 nm). Note that NSTs were fabricated according to a CTAB-assisted protocol [@B77]; therefore CTAB molecules can be desorbed during incubation with cells. For light microscopy examination, SPEV-2 cells were incubated with NSPs (2×10^10^ particles/mL) or NSTs (5×10^9^ particles/mL) for different times (typically, 24 h) and then were incubated with propidium iodide (PI, 8 μg/mL), acridine orange (AO, 8 μg/mL) and DAPI (50 ng/mL), both separately and in combination. In the case of *E. najas*, no dyes were applied. The TL, DIC, and DF images were recorded with a Leica LMD 7000 (63×0.75) objective. The DF, phase contrast (PC), and fluorescent (FL) images were obtained with a Leica DMI 3000 B microscope equipped with a Leica CLX 150 X side illumination system. The confocal images were recorded with a Leica TCS SP5 confocal laser scanning microscope.

In the TL mode, only large NSP aggregates could be seen (Fig. [8](#F8){ref-type="fig"})/ The DF and DIC modes were more suitable for the visualization of NSPs (c) and cells (d), whereas a DIC + DF (a) combination gave the best resolution for both cells and particles.

In Fig. [9](#F9){ref-type="fig"}, one can observe significant differences between left (NSPs) and right (NSTs) column images. In the PC and FL modes (panels a and c), clusters of NSPs appeared as dark spots because of the light absorption by particles and AO quenching, but in the FL + DF mode (panel e), one can clearly identify bright orange scattering from the NSP clusters. In contrast, we observed strong diffuse scattering from cells treated with NSTs (DF mode, panel f). In addition, the bright spots of nucleolus are evident in panels b and d in the PC and FL modes. This observation can be explained by single-particle distribution of NSTs within the cytoplasm, as positively charged as-prepared NSTs do not aggregate in the presence of cationic dyes, in contrast to NSps. Apparently, in such a complex environment as cellular cytoplasm, the NSTs maintain their dispersion owing to an adequate zeta-potential and/or steric hindrance. In a manner untypical of AO, the yellow-brown coloration of the cells in panel (d) can be related to CTAB-assisted penetration of PI into the cytoplasm, resulting in a weak red coloration.

In Fig. [10](#F10){ref-type="fig"}a-c, the gold NSPs appear as red spots because of the intense light scattering at 633 nm. Although the cationic AO dye predominantly binds to nucleic acids, it can also bind to proteins and carbohydrates, thus enhancing the cell nucleus and cytoplasm contrast (see the intense yellow spots and the weak yellow coloration, respectively). Thus, the combined imaging allowed GNPs to be visualized both on the surface and in the cytoplasm, whereas no GNPs were observed in the nucleus. Panel (d) illustrates intense scattering at 633 nm by NSTs on the cell surface and within the cells. The weak coloration of the cell nucleus in panel (d) can be explained by possible slight damage to the cell membrane, which may have been caused by CTAB desorbtion from NSTs. Finally, we note that the localization of NSTs within *E. najas*(panel e) is an exceptional observation, as usually GNPs are localized near the outer leaf surface.

5. GNPs and nanocomposites in therapy {#Section5}
=====================================

5.1 Antimicrobial therapy of *S. aureus*209 P {#Section5.1}
---------------------------------------------

Kuo et al. [@B78] first demonstrated bimodal (photothermal and photodynamic) suppression of antibiotic-resistant *S. aureus* bacteria with toluidine blue conjugated to gold nanorods. In a recent work [@B34], we fabricated multifunctional composite nanoparticles consisting of a plasmonic core \[Au nanorods (NRs) or Au-Ag nanocages (NCGs)\] and a hematoporphyrin-doped silica shell. The dual photodynamic (PD) and photothermal (PT) activities of such nanoparticles against *S. aureus*209 P were studied and compared with the activities of the reference solutions: hematoporphyrin (HP) or silica-coated plasmonic nanoparticles. As PDT sensitizers, we used two types of nanocomposites: NR/SiO~2~/SiO~2~-HP (particle concentration, 1.8×10^15^ L^-1^; HP concentration, 7 mg/L) and NCG/SiO~2~/SiO~2~-HP (particle concentration, 10^14^ L^-1^; HP concentration, 4 mg/L). As comparison solutions, we used solutions of silica-covered nanorods (NR/SiO~2~) and nanocages (NCG/SiO~2~) with equivalent concentrations (1.8×10^15^ L^-1^and 10^14^ L^-1^, respectively) and HP solutions with concentrations corresponding to those for NCs (7 and 4 mg/L). Bacteria were incubated with nanocomposites or with the reference solutions for 15 min, which was followed by CW light irradiation with a few exposures of 5 to 30 min. To stimulate the PD and PT activities of the nanocomposites, we used LEDs (405 nm and 625 nm) and a NIR laser (808 nm), respectively. We observed enhanced inactivation of *S. aureus*209 P by nanocomposites in comparison with the reference solutions (see, e.g., Fig. [11](#F11){ref-type="fig"}a). Using fluorescence microscopy and spectroscopy, we explained the enhanced antimicrobial effect of the hematoporphyrin-doped nanocomposites by their selective accumulation in the vicinity of the bacteria (Fig. [11](#F11){ref-type="fig"}b-e).

5.2 Biodistribution of GNPs and materno-fetal transfer of GNPs in rat pregnancy {#Section5.2}
-------------------------------------------------------------------------------

As the range of GNP types and their theranostic applications continues to increase, human safety concerns are gaining attention, which makes it necessary to better understand the potential toxicity hazards of these nanomaterials. At present, one of the major obstacles in the understanding of nanotoxicity is the broad range of experimental conditions under which biodistribution and toxicity effects have been evaluated *in vitro* and *in vivo*. In a recent review [@B24], we presented a detailed analysis of the data available on the *in vitro* and *in vivo* biodistribution and toxicity of most popular GNPs, including those shown in Fig. [1](#F1){ref-type="fig"}. In general, biodistribution over organs and tissues is strongly affected by particles size and shape and by the surface modifiers that determine particle charge. Potentially high toxicity is expected for small, 1-2-nm GNPs because of the possibility of their binding irreversibly to key biopolymers such as DNA. On the other hand, many experiments *in vitro* have not revealed notable toxicity of 3- to 100-nm GNPs, provided that the upper limit of the applied dose did not exceed a value of the order of 10^12^ particles/mL. The published data on experiments *in vivo* are rare and controversial. Nevertheless, one can expect moderate toxicity, if any, during short-period administration of GNPs at a daily dose lower than 0.5 mg/kg.

The published data suggest the penetration of GNPs across the blood-brain or blood-retinal barriers to be critically size-dependent with an upper limit of about 15 to 20 nm. The penetration of GNPs through the hematoplacental barrier and the potential fetotoxicity of GNPs at their exposure in pregnancy are important research fields of nanotoxicity. Surprisingly enough, there have been no published reports until recently [@B79], [@B80]. Yang et al. [@B79] investigated the effect of gestational age and nanoparticle composition on fetal accumulation of 13-nm maternally-administered ferritin-, PEG-, citrate-coated GNPs in mice. We studied the placental barrier permeability of white rats for 5- and 30-nm PEGylated GNPs (5.1±0.6 and 32±3.6 nm, respectively), which was intravenously injected into pregnant female rats on day 10 of gestation at a dose of about 0.8 mg Au/kg animal. GNPs in tissues were visualized by silver nitrate autometallography (Fig. [12](#F12){ref-type="fig"}), and the total Au content in the fetuses was evaluated by atomic absorption spectroscopy (AAS). In particular, GNPs were observed in the fetus, liver, and spleen, whereas AAS revealed an enhanced total gold content of 5-nm and 30-nm GNPs in fetuses (of about 0.2 and 0.25 μg, respectively) in comparison with controls. To the best of our knowledge, this is the first demonstration *in vivo* of the GNP penetration through the rat placental barrier. Despite the presence of GNPs in fetuses, no morphological changes were observed in the organs of fetuses examined.

5.3 Comparison of the photothermal efficiencies of GNPs and composites {#Section5.3}
----------------------------------------------------------------------

PT therapy of tumors is based on the preferential selective accumulation of GNPs and on the generation of heat [@B81] or nanobubbles [@B82], [@B83] sufficient to damage tumor tissues. As the scattering and absorption properties of different GNPs can vary significantly, it is desirable to compare their PT efficiencies. For example, such a comparison has been done by using extensive numerical simulations for gold nanospheres, nanorods, nanoshells, and various 1D-3D assemblies built from layered spheres [@B84]. Since that study, several reports have been published [@B85],[@B86],[@B87],[@B88] in which the PT efficiencies of gold nanorods and nanoshells were compared. Note that there are some contradictions between the published conclusions on the PT efficiencies of rods and shells, which are related, in part, to different definitions of the key quantities for the efficiency of light-heat conversion. A relevant discussion of the previously published results can be found in a recent paper by Pattani and Tunnell [@B89]. In our paper [@B33], we described the first experimental comparative study of the PT efficiencies of three particle types: SiO~2~/Au nanoshells, Au nanorods, and Au-Ag nanocages. We found that the time-dependent temperature plots for all the three particle types were very similar, provided that their optical densities at the resonance wavelength (810 nm) were equal. However, the PT efficiency in terms of generated heat per unit metal mass was highest for nanocages, followed by rods and shells (Fig. [13](#F13){ref-type="fig"}a, inset) [@B33]. (Note that there was a misprint in Fig. [8](#F8){ref-type="fig"} of Ref. [@B33] ― the minute time scale should be read as the second scale). In the definition of the PT efficiency per unit metal mass, the monodisperse approximation for Au nanobox size and thickness was assumed. Accordingly, all the particles were assumed to be excited at plasmon resonance. Figure [13](#F13){ref-type="fig"} also shows the comparative kinetics of heating for nanocages and nanocomposites containing a plasmonic core (nanocage) and a silica shell. It follows from the Fig. [13](#F13){ref-type="fig"}b plots that the silica shell does not affect the PT efficiency of composites. Similar results have been obtained for Au nanorods and Au nanorods with silica coatings (data not shown).

5.4 Combined photodynamic and photothermal therapy of xenografted tumors in rats {#Section5.4}
--------------------------------------------------------------------------------

Nanocomposites combining the PT and PD modalities can be used not only for antimicrobial treatment but also for a combined therapy of cancer. Here, we report preliminary data obtained with a model of xenografted tumors in rats. Specifically, the rat liver cancer cells PC-1 (kindly provided by Blokhin Cancer Research Center, Moscow) were implanted in male rats, and tumors were allowed to grow for about three weeks up to a 3 cm^3^ volume (Fig. [14](#F14){ref-type="fig"}a). Taking into account the fairly large tumor volume, our previous data on the distribution of GNPs [@B90] and nanocomposites [@B20] after systemic GNP administration, and the data by Huang et al. [@B91] on passive and active tumor targeting, we decided to inject nanocomposites directly into tumors at a dose of 400 μg of gold. Then, the tumors were simultaneously irradiated by a combination of 633-nm red and 810-nm NIR CW lasers to stimulates the PD and PT antitumor activities of the nanocomposites. Figure [14](#F14){ref-type="fig"}b and c illustrate photothermolysis of the tumor immediately after 20-min laser exposure and 72 h after treatment. Evidently, the tumor was completely eliminated after combined irradiation, whereas separate PD and PT treatment was less effective.

6. Conclusion {#Section6}
=============

We have discussed some topical applications of GNPs and nanocomposites in biology and biomedicine. Depending on the particular goal, the optical properties and multiple functions of GNPs and nanocomposites can be properly tailored through controllable variation in their size, shape, structure, composition, and surface functionalization. In particular, the Au nanorods and Au-Ag nanocages can be considered to be effective nanoabsorbers, whereas SiO~2~/Au nanoshells and Au nanostars comprise both absorbing and strong scattering modalities. For applications in a broad spectral range, one should use composite Au-Ag nonspherical or/and inhomogeneous nanostructures, whose plasmon resonances can be tuned across the vis-NIR spectral band. Additional optical and other properties can be achieved through covering the plasmonic core with a mesoporous silica shell doped with various fluorescent, photodynamic, or/and other molecular cargos.

GNP conjugates with biospecific probes can serve as immunochemical markers for analytical purposes. For example, several colorimetric, static, and dynamic light scattering analytical techniques have been developed that employed aggregation phenomena induced by biospecific interactions between conjugates and targets. We have shown here how conjugates of different colors can be used in standard or multiplexed dot immunoassay techniques, which does not require any equipment to identify a positive reaction ([section 3.3](#Section3.3){ref-type="sec"}). In particular, we have demonstrated, for the first time, the use of antituberculin antibodies for GNP-based immunoassay of mycobacteria. Furthermore, conjugates of different shapes and structures can easily be identified by TEM analysis. This idea has been exemplified here by an unprecedented simultaneous TEM localization of antigens on the *A. brasilense* surface and polar flagella with two types of conjugates based on 15-nm GNPs and 40-nm nanocages.

In [section 4](#Section4){ref-type="sec"}, we have shown quite different images of living SPEV-2 cells incubated with two types of light-scattering GNPs (50-nm gold nanospheres and 80-nm nanostars) and various dyes. It has been demonstrated how different microscopic techniques (TL, DF, and FL) and laser confocal microscopy can provide useful information about particle localization and penetration of dyes into cells. For example, we have observed atypical colocalization of chloroplasts and nanostars within the cells just near the leaf surface.

GNP-based nanocomposites seem to be a promising multifunctional platform, combining various diagnostic and therapeutic modalities. We have used such composites for combined photodynamic and photothermal treatment of pathogenic bacteria and xenografted tumors in rats. Finally, one important note is in order here. As demonstrated recently by Yang et al. [@B79] with a pregnant mice model, the materno-fetal transfer of GNPs is strongly age-dependent. It would be quite desirable to extend this conclusion to pregnant rats. In any case, we have shown [@B80] that both 5-nm and 30-nm particles can penetrate the placental barrier before the 11th gestational day. We also believe that the materno-fetal transfer of GNPs should depend on particle size and shape and on the surface moieties of functionalized GNPs (primarily, on the GNP charge and hydrophobic properties of GNPs).

After this manuscript had been accepted, we became aware of a pioneering study by Takahashi and Matsuoka [@B92] on cross placental transfer of 5- and 30-nm ^198^Au colloids in near term rats.
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![Examples of plasmonic GNPs: 16-nm Au nanospheres [@B28]; gold nanorods [@B29] and gold nanorods with silver coatings (inset) [@B30]; SiO~2~/Au nanoshells [@B31]; gold nanostars [@B32]; silver nanocubes and Au-Ag nanocages obtained from them (insets) [@B33]; nanocomposites containing a gold nanorod or nanocage core and a mesoporous silica shell doped with hematoporphyrin [@B34]; hollow mesoporous silica spheres and nanorattles containing gold nanocages; plasmonic nanopowders of gold nanospheres, nanorods, nanostars, and Au-Ag nanocages [@B32], [@B35].](thnov03p0167g01){#F1}

![Spectral tuning of gold nanorods with silver coatings and Au-Ag nanocages across vis-NIR spectral bands and of gold nanorods and SiO~2~/Au nanoshells across red-NIR spectral bands. On the top of the TEM images, the typical geometrical parameters of GNPs are indicated: nanorod diameter (*d*) and length (*L*), nanocage edge length L and wall thickness (*s*), nanoshell outer diameter (*d*) and gold shell thickness (*s*).](thnov03p0167g02){#F2}

![(a) Schematic representation of the colorimetric and DLS methods for differentiating between complementary (+cDNA) and noncomplementary (-cDNA) oligonucleotides by using CTAB-coated positively charged gold nanospheres. (b) Concentration dependence of DLS z-average diameter normalized to that of 16-nm CTAB-coated particles in a mixture of hybridization buffer and probe P1 ssDNA (HIV-1 U5 sequence 5\'-ATGTGGAAAATCTCTAGCAGT-3\'). The bars represent ±SD (*n*=5). The inset shows DLS intensity-size distributions of 25-nm CTAB-coated particles in a mixture of hybridization buffer and probe P1 ssDNA after the addition of target cDNA HIV-1 U5 at concentrations of 0 (1), 1 (2), 10 (3), 100 (4), and 1000 pM (5). Similar results were obtained for P2 probe 5\'-TCCTGCAGATACACTCCCACCAA-3\' and T2 cDNA target [@B29].](thnov03p0167g03){#F3}

![Dot immune overlay assay of normal rabbit serum (a, b) by using suspensions of conjugates of 15-nm GNPs and SiO~2~/Au nanoshells (100- and 180-nm silica core diameters and 15-nm gold shell) with sheep antirabbit antibodies. The amount of IgG in the first square of the top row was 1 µg, decreasing from left to right in accordance with twofold dilutions. The lower rows (c) correspond to the application of 10 µg of bovine serum albumin to each square as a negative control. The detected analyte quantity was 15 ng for 15-nm GNPs and 0.4 and 0.2 ng for 100/15- and 180/15-nm nanoshells, respectively.](thnov03p0167g04){#F4}

![Scheme for the multiplexed dot immunoassay (a, b) and its experimental verification (c). At the first step (panel a), antichicken rabbit antibodies Ab1 were spotted in squares A2, B3, C1, D4, E3, and E4; antirat rabbit antibodies Ab2 were spotted in squares A1, B2, C4, D3, and E2; antimouse rabbit antibodies Ab3 were spotted in squares A3, B1, C2, and D1; and for a negative control, BSA was spotted in squares A4, B4, C3, D2, and E1. The concentration of all analytes was 100 μg/mL. After staining in a mixture of conjugates (C1 + C2 + C3), the expected spot colors are shown in panel b. The experimental panel c confirms the expected assay results.](thnov03p0167g05){#F5}

![(a) TEM image of the bacterium *A. brasilense* Sp245 labeled with Au-Ag nanocages functionalized with O-specific antibodies. The bacteria were not washed before labeling, so the O-specific antigens of the lipopolysaccharide capsule are clearly visualized both on the bacterial surface and on the polar flagellum. (b) TEM image of the same bacteria after a special washing procedure and simultaneous labeling with a mixture of O-specific conjugates (15-nm GNPs + anti-LPS antibodies) and H-specific conjugates (50-nm Au-Ag nanocages + anti-PFL antibodies). The insets clearly indicate quite specific labeling of the PFL and LPS antigens. The right upper inset also shows a small group of nanocage markers near the point of origin of the flagellum. This group corresponds to the residual LPS antigens that have remained after washing.](thnov03p0167g06){#F6}

![**A**― Specificity of antituberculin antibodies as determined by dot analysis using primary labeling with rabbit antituberculin antibodies and secondary labeling with conjugates of antirabbit antibodies with 160/20 nm (SiO~2~ core/Au shell) nanoshells. Sampled antigens: 1 - rabbit antituberculin antibodies; 2 - tuberculin; 3 - *M. bovis* BCG; 4 - *Escherichia coli* XL-1 blue; 5 - *Staphylococcus aureus* 209-R; 6 - *Brucella abortus* vaccine strain 82; 7 - brucellin. For samples 1, 2, and 7, the concentrations were 1 mg/mL. B-D ― Dot immunoanalysis of the mycobacteria *M. bovis* (B), *M. smegmatis* (C), and *M. phlei* (D) by using polyclonal antibodies to tuberculin (primary antibodies) and conjugates of antirabbit antibodies with 15-nm GNPs (secondary antibodies). Note the weak nonspecific coloration of *M. smegmatis* bacteria. E ― TEM image of an *M. bovis* cell treated with antituberculin antibodies and labeled with conjugates of antirabbit antibodies with 15-nm GNPs. The GNP accumulation on the bacterial surface may reflect the localization of the tuberculin antigen. F ― Light microscopy of *M. bovis*BCG treated with rabbit antituberculin antibodies and labeled with conjugates of antirabbit antibodies with 15-nm GNPs. The arrows point to mycobacteria.](thnov03p0167g07){#F7}

![SPEV-2 cells labeled with NSPs (2×10^10^ particles/mL). Images were taken with a Leica LMD 7000 microscope in the following modes: DIC + DF (a), TL (b), DF (c), and DIC (d).](thnov03p0167g08){#F8}

![SPEV-2 cells incubated with NSPs (left column) and NSTs (right column). Images were taken with a Leica DMI 3000 B microscope (objective 20×0.4 Ph 1, dichroic cube I3) in the following modes: PC (a, b), FL (c, d), FL + DF (e), and DF (f). The arrows in the left column indicate the clusters of NSPs in the prenuclear areas of the cells. Owing to the quenching of the AO dye by NSPs, these clusters appear as dark spots in FL (c) and as bright spots in FL + DF (e).](thnov03p0167g09){#F9}

![(a-c). Confocal images of SPEV-2 cells labeled with NSPs. The red spots correspond to the localization of NSPs on the cell surface and within the cells; the bright yellow areas correspond to AO within the cells. (d) The confocal optical section of SPEV-2 cells stained with DAPI and PI after 20-min incubation with NSTs. The image was taken with a Leica TCS SP5 \[excitation at 543 nm and 633 nm, fluorescence detection from 644 to 695 nm (false blue coloration), and scattering detection at 633 nm (true red coloration)\]. (e) Optical sections of an *E. najas*leaf incubated with NSTs. The dashed lines indicate the locations of three projections: XY - left, YZ - right, and XZ - bottom. The intersection of the lines indicates the colocalization of chloroplasts (blue spots) and NSTs (red spots) within the cells and near the leaf surface.](thnov03p0167g10){#F10}

![(a) Viability of *S. aureus* (in terms of colony forming units, CFU) as a function of the irradiation time (625 nm, 39 mW/cm^2^) after incubation with nanocomposites (NCs) based on nanorods (NRs). Before photodynamic treatment, bacteria were incubated in the dark for 15 min in solutions of PBS (gray), silica-coated nanoparticles (green), hematoporphyrin (HP) (blue; 0.7 mg/L), and NCs (red). The inset shows schematic structures of the NCs. Transmission (b, d) and fluorescence (c, e) microscopic images of bacteria after incubation with NR/SiO~2~/SiO~2~-HP composites (b, c), and HP solutions (d, e) [@B34].](thnov03p0167g11){#F11}

![Liver of a rat fetus on the 10th gestational day after intravenous injection of control PBS solution (a) and 5-nm PEG-coated GNPs at a dose of 0.8 mg Au/kg animal to a pregnant rat. The arrows indicate GNPs in the liver after silver nitrate autometallography.](thnov03p0167g12){#F12}

![(a) Kinetics of suspension laser heating for SiO~2~/Au nanoshells, Au nanorods, and Au-Ag nanocages [@B33]. The inset shows a comparison of the photothermal efficiencies of the particles in terms of normalized heat generation ΔQ per unit metal mass. All curves are normalized to the ΔQc quantity for nanocages. (b) Kinetics of suspension laser heating for Au-Ag nanocages and nanocomposites (nanocages with 50-nm silica coatings). Suspensions were irradiated by a diode laser at a power density of 2 W/cm^2^ and a wavelength of 810 nm, which was close to the plasmon resonance wavelengths of all three particle types: SiO~2~/Au nanoshells (core diameter of 160 nm, shell thickness of 20 nm), Au nanorods (length of 40 nm, diameter of 12 nm), and Au-Ag nanocages (edge length of 54 nm).](thnov03p0167g13){#F13}

![(a) Xenografted tumor (implanted rat liver cancer cells PC-1) after the administration of AuNRs/SiO~2~-HP nanocomposites at a dose 400 μg of gold directly to the tumor before irradiation. (b) The tumor after simultaneous 20-min exposure of 633-nm CW He-Ne laser (160 mW/сm^2^) and 808-nm CW NIR laser (2.2 W/сm^2^). (c) 72 h after combined irradiation.](thnov03p0167g14){#F14}
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